Updated information and services can be found at: VIROLOGY, Nov. 1995, p. 6712-6719 Vol. 69, No. 11 0022-538X/95/$04.00ϩ0 Copyright ᭧ 1995, American To compare the requirements for paramyxovirus-mediated cell fusion, the fusion (F) and hemagglutininneuraminidase (HN) glycoproteins of simian virus 5 (SV5), human parainfluenza virus 3 (HPIV-3), and Newcastle disease virus (NDV) were expressed individually or coexpressed in either homologous or heterologous combinations in CV-1 or HeLa-T4 cells, using the vaccinia virus-T7 polymerase transient expression system. The contribution of individual glycoproteins in virus-induced membrane fusion was examined by using a quantitative assay for lipid mixing based on the relief of self-quenching (dequenching) of fluorescence of the lipid probe octadecyl rhodamine (R18) and a quantitative assay for content mixing based on the cytoplasmic activation of a reporter gene, ␤-galactosidase. In these assays, expression of the individual F glycoproteins did not induce significant levels of cell fusion and no cell fusion was observed in experiments when cells individually expressing homologous F or HN proteins were mixed. However, coexpression of homologous F and HN glycoproteins resulted in extensive cell fusion. The kinetics of fusion were found to be very similar for all three paramyxoviruses studied. With NDV and HPIV-3, no cell fusion was detected when F proteins were coexpressed with heterologous HN proteins or influenza virus hemagglutinin (HA). In contrast, SV5 F protein exhibited a considerable degree of fusion activity when coexpressed with either NDV or HPIV-3 HN or with influenza virus HA, although the kinetics of fusion were two-to threefold higher when the homologous SV5 F and HN proteins were coexpressed. Thus, these data indicate that among the paramyxoviruses tested, SV5 has different requirements for cell fusion.
Paramyxoviruses contain two integral membrane spike glycoproteins, the hemagglutinin-neuraminidase protein (HN) and the fusion protein (F). The assignment of specific biological activities to these glycoproteins was originally made on the basis of purification and reconstitution studies, mainly for the Sendai virus and simian virus 5 (SV5) proteins (46) (47) (48) . The HN protein was found to possess receptor binding and neuraminidase activities, and the F protein is involved in virusinduced membrane fusion. Additional evidence for the biological activity of the individual F and HN proteins was obtained when the SV5 F and HN cDNAs were expressed in mammalian cells, and it was found that HN had hemadsorbing activity and F caused syncytium formation (36, 37, 39) and coexpression of the F and HN cDNAs did not markedly increase the number of syncytium (15) . Perhaps the most striking example of the ability of the SV5 F protein to facilitate syncytium formation is the finding that F mutants containing single Gly to Ala changes in the fusion peptide cause a remarkable increase in syncytium formation compared with wild-type F protein (14, 54) .
In contrast, for many other paramyxoviruses, the F proteins only cause syncytium formation when coexpressed with their homotypic HN glycoproteins in the same cell (8, 10, 15, 17, 29, 44, 52, 53, 55) . It has been suggested that a type-specific interaction occurs between the HN and F proteins that is necessary for fusion to occur (17, 50) and that a domain(s) of HN is involved in the fusion-promoting activity (6, 25, 44) . To test the notion that there are differences in the requirements for fusion between SV5 and other paramyxoviruses, we examined the biological activity of the F and HN cDNAs of several paramyxoviruses, using the same expression system and the same cell type. We found that with the SV5 F protein coexpression of the homotypic HN protein did not markedly increase the number of syncytia, whereas for human parainfluenza virus 3 (HPIV-3) and Newcastle disease virus (NDV) coexpression with the homotypic HN protein was a requirement for syncytium formation (15) .
In the majority of studies performed to date, syncytium formation has been used as a measure of cell fusion and this assay suffers from difficulties arising in quantification and its low sensitivity. The present study was undertaken to define further the requirements for cell fusion induced by three different paramyxoviruses, SV5, NDV, and HPIV-3, using quantitative biophysical assays to measure the kinetics and extent of membrane fusion and the extent of content mixing. The data indicate that there are different requirements for fusion among members of the Paramyxoviridae.
MATERIALS AND METHODS
Cells and recombinant plasmid vectors. Monolayer cultures of the TC7 subclone of CV-1 and HeLa-T4 cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% NU serum IV (Collaborative Research Laboratories, Inc., Bedford, Mass.) as described previously (37) .
The SV5, NDV, and HPIV-3 F and HN cDNAs were described previously (12, 14, 35, 36) and were subcloned into pGEM3 or pBluescript SK(ϩ). The plasmid pTF7.5 encoding the hemagglutinin (HA) cDNA of influenza virus A/Udorn/72 was described previously (51) . Plasmid pGINT7 ␤-gal (34) containing the ␤-galactosidase cDNA was constructed by Richard A. Morgan and was kindly provided by Bernard Moss, National Institutes of Health. All the plasmids contained cDNA such that mRNA-sense RNA transcripts could be synthesized with bacteriophage T7 RNA polymerase by using the bacteriophage T7 RNA polymerase promoter.
Vaccinia virus-based expression of foreign genes. Transient expression of the paramyxovirus envelope proteins (F or/and HN) in CV-1 or HeLa-T4 cells was performed as described previously (3, 11) . Subconfluent monolayers of cells grown on 60-mm-diameter plastic dishes were infected with recombinant vaccinia virus vTF7-3 (which expresses T7 RNA polymerase) at a multiplicity of infection (MOI) of 10 PFU per cell and incubated at 37ЊC for 45 min. The virus inoculum was removed, and cells were washed twice with OPTI-MEM (GIBCO/ BRL, Gaithersburg, Md.) and transfected with plasmid DNAs, using cationic liposomes made in our laboratory as described previously (42) . cDNA encoding a glycoprotein was kept at 2.5 g (unless otherwise noted), and the total DNA transfected was kept at 7.5 g, where necessary adding pGEM3 vector DNA to keep the DNA amount constant. At 5 h posttransfection cells were washed twice in phosphate-buffered saline (PBS) and further treated for metabolic labeling or fusion assays.
Isotopic labeling of polypeptides, immunoprecipitation, and SDS-PAGE. Cells expressing the viral envelope proteins were incubated in cysteine-and methionine-deficient DMEM (DMEM cysϪ/metϪ) for 30 min at 5 h posttransfection and labeled with Tran[
35 S]-label (200 Ci/ml) (ICN Radiochemicals, Irvine, Calif.) in DMEM cysϪ/metϪ for 20 min and incubated in chase medium (DMEM supplemented with 2 mM unlabeled cysteine and methionine and 2% NU serum IV) for 2 h. Cells were lysed in ice-cold radioimmunoprecipitation assay buffer containing protease inhibitors (38) and 25 mM iodoacetamide. Proteins were immunoprecipitated from cell lysates as described previously (20) . Polypeptides were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10% acrylamide gels under reducing conditions, and gels were processed for fluorography as described previously (20) .
Antibodies. Monoclonal antibodies against SV5 HN (HN5a) and F (F1a) proteins were kindly provided by Rick Randall (41) . SV5 F polyclonal antiserum was raised in rabbits against a mixture of three synthetic peptides specific for F 2 residues 22 to 39, 31 to 46, and 77 to 94 (14) . Monoclonal antibodies against NDV F (N2710) and HN (5-2D6) proteins were provided by Mark Peeples, Rush Medical Center, Chicago, Ill. Hybridomas producing monoclonal antibodies against HPIV-3 HN were obtained from the American Type Culture Collection (HB-8934), and tissue culture supernatants were provided by Reay Paterson. Monoclonal antibody against HPIV-3 F protein was obtained from Brian Murphy, National Institutes of Health, Bethesda, Md. Goat polyclonal antiserum (SP-31) against influenza virus HA protein was described previously (51) .
Labeling of RBCs with octadecyl rhodamine B. Human erythrocytes (RBCs) were labeled with the lipid probe octadecyl rhodamine B (R18) (Molecular Probes, Eugene, Ore.) as described previously (28) . Fifteen microliters of R18 (1 mg/ml in ethanol) was rapidly added to human RBCs (1% hematocrit in 10 ml of PBS) by using a Hamilton syringe. After incubation at room temperature for 15 min, 30 ml of DMEM supplemented with 10% NU serum IV was added to the suspension to absorb unbound probe. The RBCs were further incubated for 20 min at room temperature and washed six times by centrifugation with 50 ml of PBS. The fluorescence intensity of intact R18 RBCs was 15 to 20% that of labeled RBCs treated with 0.1% Triton X-100 (100% fluorescence).
Binding and fusion of R18-labeled RBCs with cells expressing viral proteins. Cell monolayers expressing paramyxovirus F or/and HN proteins or influenza virus HA protein at 5 h posttransfection were washed twice with PBS and incubated overnight at 32ЊC in DMEM containing 10% NU serum IV. The cells were then washed with PBS, incubated for 1 h at 37ЊC with 50 mU per ml of neuraminidase (Vibrio cholerae) (Boehringer Mannheim, Indianapolis, Ind.) in DMEM, and washed twice in PBS. Three milliliters of R18-labeled RBCs (0.1% hematocrit) in PBS was added to the monolayer and incubated at 4ЊC for 30 min with occasional gentle agitation. Unbound RBCs were removed by six washes with PBS. The cells were then removed from the dish, using either a trypsin-EDTA solution or 50 mM EDTA in PBS at 4ЊC. The R18-labeled RBC-acceptor cell complexes were washed with cold PBS and placed on ice until further use.
Fluorescence changes as a result of fusion of R18-labeled RBCs with acceptor cells were measured continuously by using a spectrofluorimeter (Alpha Scan; Photon Research Inc., South Brunswick, N.J.) with 1-s time resolution at 560 and 590 nm of excitation and emission, respectively. A 570-nm cutoff filter was placed in the emission optical pathway to reduce scattering. Fifty microliters of the R18-labeled RBC-acceptor cell suspension was placed in a cuvette containing 3 ml of PBS prewarmed to 37ЊC. To normalize the data, percent fluorescence dequenching (% FDQ) at any time point was calculated according to the following equation: % FDQ ϭ 100(FϪF 0 /F t ϪF 0 ), where F 0 and F are the fluorescence intensities at time 0 and at a given time point, and F t is the fluorescence intensity in the presence of 0.1% Triton X-100 and defined as fluorescence at ''infinite'' dilution of the probe (4).
Content-mixing assay. The content-mixing assay, based on the cytoplasmic activation of the reporter gene ␤-galactosidase, was performed essentially as described previously (34), with slight modifications. One population of CV-1 cells was infected with recombinant vaccinia virus vTF7-3 and transfected with plasmid DNA encoding the viral glycoproteins as described above. At 5 h posttransfection the cells expressing viral envelope proteins (and T7 RNA polymerase) were trypsinized, suspended in DMEM containing 2.5% NU serum IV to a density of 2 ϫ 10 5 /ml, and incubated overnight at 32ЊC in a near-horizontal position. The cells were washed twice in OPTI-MEM (containing 2.5 mM CaCl 2 ), suspended to a density of 2 ϫ 10 7 /ml, and treated with neuraminidase (50 mU/ml) for 1 h at 37ЊC. The cells were then washed and suspended in OPTI-MEM at 10 6 cells per ml. A second population of CV-1 cells was infected with wild-type vaccinia virus (strain WR) for 45 min at 37ЊC and transfected with plasmid pGINT7 ␤-gal. At 5 h posttransfection, cells were trypsinized and treated as described above. The cells were washed with OPTI-MEM, either treated or not treated with neuraminidase, and finally suspended at 10 6 /ml. The two cell populations were mixed in triplicate by adding 100 l of each cell population in a 96-well tissue culture plate. The plates were incubated at 37ЊC for 2.5 or 4 h. The cell fusion was measured at the indicated times by the colorimetric lysate assay for ␤-galactosidase as described previously (34) . The quantity of ␤-galactosidase was calculated by comparing the rates of hydrolysis for each sample with that obtained for a standard preparation of Escherichia coli ␤-galactosidase (Boehringer Mannheim) and was expressed as nanograms per well. The in situ assay involving 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (XGal) staining of cells was done as described previously (34) .
Lectin analysis. Cells expressing viral fusion (F) proteins were incubated with phytohemagglutinin (PHA; 10 g/ml), wheat germ agglutinin (WGA; 6 g/ml), or concanavalin A (ConA; 10 g/ml) either in the presence of R18-labeled RBCs during binding in the lipid-mixing assay or in the content-mixing assay during incubation of the two cell populations.
RESULTS

Expression of viral envelope glycoproteins.
To express the envelope glycoproteins of the paramyxoviruses SV5, NDV, and HPIV-3 and influenza virus HA in CV-1 or HeLa-T4 cells, the recombinant vaccinia virus-T7 RNA polymerase system was used. To confirm the synthesis of the proteins, CV-1 cells were labeled with Tran[ 35 S]-label at 5 h posttransfection for 20 min and incubated in chase medium for 2 h to allow for cleavage of F 0 to F 1 and F 2 . We have shown previously that the half-life for cleavage of SV5 F 0 when expressed using the vaccinia virus-T7 system is ϳ90 to 100 min (3). Proteins were immunoprecipitated with the appropriate antibodies (see Materials and Methods), and polypeptides were analyzed by SDS-PAGE (10% polyacrylamide). Examples of the coexpression of the viral glycoproteins are shown in Fig. 1 . All the proteins were expressed, and a significant fraction of the F proteins was cleaved to F 1 and F 2 (F 2 is not detected on a 10% gel). As different antibodies were used, quantification of the expression of viral proteins was not done.
Induction of cell fusion: lipid-mixing assay. To compare the rate and extent of paramyxovirus F protein-induced cell fusion under various conditions, the lipophilic probe R18 was incorporated into RBCs which were then mixed with acceptor cells that expressed the viral glycoproteins and the kinetics of fluorescence dequenching of the R18 probe was measured. Although throughout data from using CV-1 cells as acceptor cells are reported, very similar data were obtained when HeLa-T4 cells were used.
To establish the assay system, cells were transfected with different ratios of F and HN DNAs (2.5 g:2.5 g; 5 g:2.5 g; 7.5 g:2.5 g; F:HN DNA, with total DNA made up to 10 g with pGEM3 vector DNA). The effect on the lipid-mixing activity of cells transfected with different F:HN DNA ratios was studied. It was found that the initial rate of R18 dequenching was ϳfive-to sixfold lower at an F:HN DNA ratio of 1:1 than when an F:HN DNA ratio of 2:1 or 3:1 was used (Fig. 2) . However, the extent of fusion after 600 s of mixing was not greatly different. Similar data were obtained when the homotypic NDV or HPIV-3 F and HN DNAs were used. Thus, as the rates of fusion were similar at 2:1 and 3:1 F:HN DNA ratios, in all subsequent experiments cells were transfected with F:HN DNAs at a ratio of 2:1 (microgram to microgram).
When cells expressing the SV5, NDV, or HPIV-3 F protein alone were mixed with R18-labeled erythrocytes, no fluorescence dequenching was detected (Fig. 3) . However, when the homotypic HN proteins were coexpressed in the cells with the homotypic F proteins fluorescence dequenching occurred rap-VOL. 69, 1995 PARAMYXOVIRUS FUSION QUANTIFICATION 6713 idly (Fig. 3) ; the kinetics of fusion were comparable for SV5, NDV, and HPIV-3. The SV5 F protein-mediated fluorescence dequenching was inhibited by a 4ЊC preincubation of R18-labeled RBC-acceptor cell suspensions with monoclonal antibody specific to the SV5 F protein (Fig. 3A) , suggesting that the observed fluorescence increase on coexpression of SV5 F and HN reflects fusion activity of the F protein and is not an artifact as a result of nonspecific dye transfer. To determine whether cell fusion required the expression of both the F and HN proteins in the same acceptor cell, CV-1 cells were transfected separately with the F and HN genes and then mixed. No fluorescence dequenching was detected when cells individually expressing the homologous SV5, NDV, or HPIV-3 F and HN proteins were mixed and incubated with R18-labeled RBCs in the lipid-mixing assay (data for SV5 F plus HN is shown in Fig. 3A) .
To obtain further quantitative information concerning the role of paramyxovirus HN proteins in cell fusion, the F proteins of SV5, NDV, and HPIV-3 were coexpressed in cells with heterologous HN proteins. Fusion activity was also tested when the paramyxovirus F proteins were coexpressed with HA, the sialic acid-binding receptor protein of influenza virus. Coexpression of NDV and HPIV-3 F proteins with heterologous HN or HA proteins did not lead to any significant fluorescence dequenching (data for coexpression of NDV F plus SV5 HN is shown in Fig. 4) . In contrast, when SV5 F protein was coexpressed with NDV or HPIV-3 HN protein or influenza virus HA, significant fluorescence dequenching was observed (Fig.  4) . The rates of fluorescence dequenching were calculated from the maximum slopes of curves as exemplified in Fig. 2 to 4, and the rates were normalized to the maximum extent for a given R18-labeled RBC-acceptor cell population. As shown in Content-mixing assay. Cell fusion involves mixing of both the outer leaflet membrane lipids (as measured by the R18 assay) and the mixing of inner leaflet membrane lipids with concomitant mixing of aqueous contents of donor and recipient cells (18) . To measure content mixing we employed the reporter gene (␤-galactosidase)-activation assay (34) . For the content-mixing assay two populations of cells were used. First, the vaccinia virus-T7 expression system was used to express the various combinations of homologous and heterologous viral envelope proteins. This cell population was treated with neuraminidase to eliminate cell fusion within this population. A second cell population was transfected with a plasmid containing the lacZ gene, such that lacZ was under the control of the T7 RNA polymerase promoter, and this population of cells was either untreated or treated with neuraminidase. The two populations of cells were mixed (1:1 ratio) and incubated at 37ЊC for either 2.5 h or 4 h. The ␤-galactosidase activity was analyzed in situ by using the X-Gal staining procedure (Fig. 6,  top) , and the data were quantified by spectroscopy using aliquots of cell lysates (Fig. 6, bottom) . The results of the content mixing assay directly correlated with that of lipid mixing analyses. A significant level of ␤-galactosidase was produced, and heavily blue-stained syncytia were observed when cells expressing T7 RNA polymerase and the homologous F and HN proteins of either SV5, NDV, or HPIV-3 were mixed with cells that contained the lacZ plasmid and that were not treated with neuraminidase. Only background levels of ␤-galactosidase were detected when cells expressing either F protein alone or HN protein alone or when individual populations of cell expressing individual homologous F and HN proteins were mixed before the assay. Similarly, no ␤-galactosidase was produced when NDV or HPIV-3 F protein was coexpressed with heterologous HN protein or influenza virus HA. On the other hand, coexpression of SV5 F with NDV or HPIV-3 HN or influenza virus HA protein resulted in production of significant amounts of ␤-galactosidase activity and blue-stained cells. The extent of ␤-galactosidase produced was, however, two-to threefold higher when homologous SV5 F and HN proteins were coexpressed. Incubation of cells coexpressing SV5 F and HN proteins with partner cells in the presence of SV5-specific monoclonal antibody F1a resulted in background levels of ␤-galactosidase activity both using the in situ method and using spectrophotometric analysis indicating the specificity of the fusion process (Figs. 6) . Neuraminidase treatment of the partner cells greatly reduced ␤-galactosidase production when the treated cells were mixed with cells coexpressing homologous paramyxovirus (SV5, NDV, and HPIV-3) proteins, thus confirming the notion that specific binding through glycoproteinsialic acid receptor interactions is required between two cell 
DISCUSSION
It is becoming increasingly clear that among different members of the Paramyxoviridae there are different requirements for fusion. In addition, it is clear that there is an important role for the cell type in the fusion process (reviewed in reference 18). Whereas with SV5, and in some reports measles virus, it has been shown that the F protein alone can cause syncytium formation (1, 2, 14, 15, 36, 37, 39, 54) , for many other paramyxoviruses (including measles virus) it has been shown that the F protein only causes syncytium formation when coexpressed with the homotypic HN glycoprotein (6, 8, 10, 12, 15, 17, 29, 44, 52, 53, 55) . It has been suggested that for those viruses for which F and HN have to be coexpressed for fusion to occur, a type-specific interaction occurs between the HN and F proteins (17, 50) .
Although the requirement for coexpression of F and HN proteins for syncytium formation for many paramyxoviruses except SV5 is well established, the role of HN in the early fusion events is not understood. Data obtained from reconstituting purified Sendai virus F protein into vesicles indicate that the F protein in the presence of an attachment factor (lectin) is sufficient for fusion (4, 16, 49) , although the presence of the Sendai virus HN protein in the reconstituted vesicles enhances the rate of fusion of virosomes with target cells (4). Furthermore, for virus-cell fusion it is noted that a Sendai virus mutant deficient in HN is able to infect HepG2 cells through binding to the asialoglycoprotein receptor (24) . In contrast, data obtained from examination of cell-cell fusion for HPIV-2, HPIV-3, and NDV suggest that the role of HN is more complex than mediating the juxtapositioning of membranes. Although a primary requirement is the presence of the HN receptor sialic acid on cell surfaces, neither lectins, influenza virus HA, nor heterotypic HN protein can substitute for coexpression of the homotypic HN protein for fusion to occur (12, 15, 17, (30) (31) (32) (33) . At the present time the differences between fusion of viruses, virosomes, and liposomes to cells and cell-cell fusion are not understood; however, they are related yet different processes. An alternative explanation for the different requirements is that either purification of the F protein or the reconstitution process alters the protein conformation of F and renders it competent to initiate fusion.
In our studies we have used quantitative fusion assays to study the requirements for membrane fusion mediated by the paramyxoviruses SV5, NDV, and HPIV-3. These fusion assays offer highly sensitive direct methods for obtaining quantitative information on the fusion process in its very early stages (13, 23, 45) . When the F proteins of the paramyxoviruses SV5, NDV, and HPIV-3 were expressed alone, even though they were cleaved to the fusion-active form F 1 ϩ F 2 , no cell fusion was detected with the quantitative assays. However, extensive fusion resulted upon coexpression of the homotypic F and HN proteins. The absence of detectable cell fusion on expression of the SV5 F protein alone in this assay system was not unexpected because the fusion assay is performed with a suspension of cells (as opposed to the confluent monolayer cells of syncytium assays). For fusion to occur, a binding moiety is needed to bring the donor and acceptor cells into close contact and the HN protein fulfills this role.
Whereas neither a heterotypic HN protein, influenza virus HA, nor lectins could replace the homotypic HN for fusion to occur for NDV and HPIV-3, confirming earlier data obtained when syncytium formation was measured (9, 12, 17, 29, 31) , this was not the case for SV5. With SV5, cell fusion was detected upon coexpression of the SV5 F protein with heterologous HN proteins or influenza virus HA, although an enhancement in the fusion rate and extent was observed on coexpression of the homotypic F and HN proteins. Thus, these data suggest that SV5-mediated cell fusion has requirements that differ from those of NDV and HPIV-3, and the findings reported here augment those found previously with the syncy- tium formation assay when it was found that expression of the SV5 F protein alone causes syncytium formation (14, 15, 36, 37, 39, 54) . Other evidence pointing toward the sufficiency of the SV5 F protein in cell fusion comes from the finding that anti-HN antiserum was not able to prevent spread of SV5 by cell-cell fusion in tissue culture (26) , whereas for Sendai virus anti-HN monoclonal antibodies, although allowing agglutination to occur, interfered with F protein-mediated fusion (27) . Furthermore, there is a difference in the requirement for a sialic acid receptor for HN in the fusion process between SV5 and HPIV-3 (31) . Treatment of SV5-infected cells with neuraminidase prevents cell fusion in cells infected at a low MOI, and the same result was found for HPIV-3. However, whereas neuraminidase treatment prevents fusion in cells infected with a high MOI of HPIV-3, treatment of cells infected with SV5 at a high MOI with neuraminidase had no effect on the degree of syncytium formation (31). As discussed above, one function of HN is to bring the donor and acceptor cells into alignment for fusion to occur. It seems likely that the molecular architecture of the proteins is important as both heterotypic HN proteins and influenza virus HA but not lectins, support SV5 F protein-mediated fusion. In this regard it is interesting to note that electron microscopic and X-ray structural information indicate that the distal tips of HN and HA are 120 to 140 Å (1 Å ϭ 0.1 nm) from the membrane and thus the sialic acid-binding pocket may be a similar distance from the membrane (reviewed in references 21 and 22), whereas ConA is a very different size (42 by 40 by 39 Å) (5, 40) .
It seems unlikely that the F protein hydrophobic fusion peptides are freely exposed to an aqueous environment after cleavage-activation (either in the trans-Golgi network or at the cell surface) as aggregation of the F protein oligomers would most likely occur. Thus, it has been hypothesized that the cleaved F protein undergoes a conformational change to expose the fusion peptide at the right time and in the right place (19, 50) . By analogy to influenza virus HA, it has been suggested that the trimeric paramyxovirus F proteins (43) undergo a conformational change to form a related coiled-coil structure (7, 19) . However, unlike influenza virus for which the biologically relevant trigger to the conformational change is low pH, the trigger for the proposed paramyxovirus conformational change has not been identified. One model for a tightly regulated trigger for a conformational change in F that has been proposed is that upon binding of sialic acid by HN, the HN protein undergoes a conformational change, which through a protein-protein interaction triggers the conformational change in F (19, 50) . The question arises as to why the requirement for HN is not so stringent for SV5-mediated cell fusion, when it appears to be absolutely necessary for most of the other paramyxoviruses. For SV5, for which coexpression of HN only weakly influences cell-cell fusion, an F conformational change may be hair-triggered by contact of F with the target membrane or triggered after docking of F with an unrecognized receptor on the target membrane (19) .
